1. Data were obtained from 32 electronic tags that were glued to the fur of harbour seals (Phoca vitulina) in and around Strangford Lough, Northern Ireland, during the environmental monitoring of the SeaGen tidal turbine.
Power generation from tidal flows is a predictable, and potentially substantial, source of renewable energy. The UK, and Scotland in particular, have set ambitious targets for renewable energy; it has been estimated that the UK holds 50% of European tidal energy potential. However, many areas with fast flowing tidal currents, and therefore the potential for energy generation also contain diverse and abundant marine life. Concerns about environmental impacts have been raised during the consenting processes for proposed tidal developments, and many of these have focused on the effects on marine mammals (Boehlert & Gill, 2010; Copping et al., 2016) .
Very little empirical information has been available to date to assess these effects.
The principal concern has been the potential for physical injury to marine animals through direct contact with moving structures or parts of the devices (Wilson, Batty, Daunt, & Carter, 2007 ). An important secondary issue has been how the behavioural response of marine mammals to novel devices could affect their use of areas of high tidal flow and have fitness consequences for individuals and ultimately populations. Avoidance of turbines could lead to the displacement of individuals and to long-term exclusion from important habitats. The aim of this study was to investigate whether the establishment of an operational turbine in a restricted area of high flow, would act as a barrier to the passage of harbour seals. Concerns have been raised about the potential for such changes in individual behaviour to lead to population-level consequences. While the causal linkage between such changes (e.g. transit-rate) and the long-term sustainability of a local harbour seal population is complex and not well understood, the extent to which the turbine presence and operation restricted movement of harbour seals will provide valuable information for predictions of impacts for future projects. In addition, an estimate of close range transit rate is a necessary input to predict collision rates (Scottish Natural Heritage, 2016; Wilson et al., 2007) . This study aimed to provide the first empirical information on the potential effects of an operating tidal turbine on harbour seals.
Marine Current Turbines' SeaGen (www.seageneration.co.uk) was the world's first operational commercial-scale tidal turbine. It was Centre, UK). These data were not entirely consistent with the times at which the turbine operated (since it suggested that the rotors sometimes turned at high and low water) or the data on current speeds which were intermittently recorded using meters on the turbine. The discrepancy (up to 20 min) appears to be due to the complexity of water flow in the Narrows and, and was enough to complicate the separation of times when the turbine was halted from those when it had too little current to turn. Lough. Thirty-two tag deployments lasted longer than 10 days and only these were included in the analysis. All were adults, weighing between 66 and 104 kg, and a mix of males and females were caught each year (Table 1) .
Tags were programmed to attempt to obtain a GPS location every 20 min (10 min in 2010) during surface intervals; 97.8% of the location estimates obtained were based on five or more satellites and had an estimated residual error less than 50 m. All other location estimates were discarded as unreliable.
The tags also recorded periods when they remained out of the water, almost all of which will have occurred when the animals were hauled out ashore. Each of these periods was stored as a 'haulout record' , starting from when the conductivity sensor was continuously dry for 10 min and ending when it was continuously wet for 40 s.
| Animal tracks
The seals were assumed to travel in straight lines, and at constant speeds, between the GPS fixes. The tracks were filtered by deleting locations implying swim speeds considered implausible (more than 2.5 m s −1 greater than the speed of the current recorded at SeaGen at that time). This removed 1% of locations. Haulout records were then incorporated into the track data and the seals were treated as being stationary during haulouts.
| Transit definition
A line was drawn across the section of the Narrows containing SeaGen, perpendicular to the direction of the main tidal flow. Each time a seal crossed this line was considered a 'transit' past the device.
The distance from the turbine and the time at which the transit took place was estimated for each transit.
| Uncertainty in transit locations and times
The track of each tagged seal's transit past the turbine was estimated by linear interpolation between the GPS fixes. This procedure introduces a degree of uncertainty in the positions and timing of each transit. In order to assess the degree of uncertainty in the interpolated track locations, the precision of the estimates of transit timings and locations was investigated. This was done by identifying sets of three consecutive locations that were all within the Narrows and did not include any haulout periods. There were 8627 such triplets. The uncertainties in the timing and location of transits were examined separately. Error in timing was investigated by comparing the time at which the animals would reach the second point, assuming constant speed between the first and third point, with the actual time of the second location. Error in horizontal transit location was examined by taking the perpendicular distance from a line drawn between the first and third points, and the second point. Given that the majority of the tracks run along the Narrows, this distance will be similar to the error in the transit location.
| Testing for differences between years
Differences in two features were investigated: the mean transit rate for each animal, and the distribution of these transits across the width of the Narrows. These were compared between years, between times when the turbine was operational or non-operational, between day and night, and in relation to tide and season.
It is difficult to use these data to test for statistically significant differences between years. Logistical constraints limited the number of animals that could be tagged, and the behaviour of these individuals varied. Very different amounts of data were also obtained from the individual animals. In addition, the tags used in 2010 were programmed to attempt to obtain locations every 10 min rather than every 20 min, as in previous years. Treating each of the transits made by an individual as an independent data point would result in pseudo-replication.
The uncertainty in the mean daily transit rate for the population was estimated by non-parametric bootstraps of the data. These used individual seal as the unit of resampling. The significance of differences 
| The effect of the shutdown mitigation
Given that the turbine was shut down on a close approach of a potential marine mammal target, the potential for shutdown influencing tagged for less than 10 days, these were excluded from further consideration in this study. The remaining individual track durations are given in Table 1 .
The major features of the 2010 tracks (when the turbine was operational) are broadly consistent with previous years (these tracks are shown in Figure 1 ). In all years there was a high degree of variability between seals, but a high degree of consistency within seals. Some seals spent their entire time within Strangford Lough, others never entered the Lough at all and some seals spent the entire time transiting up and down the Narrows when not hauled-out. One seal (pv33-11-10) remained in the Narrows and within 4 km of the turbine for the whole of the duration of the tag life.
| Transit rates
The transit rates were highly variable between individuals, but the overall mean daily transit rates were similar in the three years (Table 1) .
Animal pv33-11-10 behaved very differently from the rest, making 40% of all recorded transits, so the data were summarized both including and excluding this seal. The differences in the behaviour of the individual seals also led to broad confidence intervals around the estimated transit rates for when the turbine was on and off in 2010 (Table 2) .
When the turbine was operating there was a within-seal reduction in transit rate of 20% (95% CI: 10-49%), from 1.09 per day to 0.87 per day (Table 3) . Seal pv33-11-10, contributed a large proportion of the transits and showed less apparent effect of turbine operation on its behaviour. Excluding this seal resulted in a greater estimated reduction in transit rates of 35%, but also reduced the precision of the estimate (95% CI: 52-102%), so that the difference appeared less significant (P < 0.04, one-tailed test).
The effect of turbine operation was stronger (reduction in transit rate of 57%; 95% CI: 25-64%; P < 0.01, one-tailed test; all animals included) when the comparison was restricted to daylight hours (defined here as 0600 h to 1800 h local time). Few data for comparison over individual months precluded analysis of seasonal patterns in the data. Figure 1 ). The east and west boundaries of the Narrows are shown as thin dotted lines. The transits beyond these are apparent tracks over land -These are errors due to the straight line interpolations between some consecutive GPS location pairs with relatively longer time intervals gaps between them Figure 1 and is the same transect that is used in Figure 3 
| Uncertainties in transit location and timing

| The effect of shutdown mitigation
There were 121 precautionary shutdowns over the period of tag deployment in 2010 (April to July). This equated to an equivalent of 0.14 shutdowns per hour of operation, or 3 per day. From a total of 1506 transits that occurred while the turbine was operating, only four (0.3%) potentially matched with precautionary shutdowns.
| DISCUSSION
The environmental monitoring of the SeaGen turbine has produced a telemetry dataset with a very high precision and intensity of observation. It has answered a number of fundamental questions about the effects of SeaGen on the harbour seals in the vicinity. Harbour seals continued to travel through the Narrows, and transited past the turbine when it was operating, continuing to use haulout sites in the Narrows. Some of the transits were movement between the Inner avoidance was similar regardless of whether the turbine was operating or not operating, suggesting that it was not a direct result of noise produced by the operating turbine, nor as a result of a behavioural response to the noise emitted from the sonar installed on the turbine for mitigation (shutdown) purposes which was only turned on when the turbine was operational (see below). It may be simply due to the presence of the structure, or a learned 'habit' of avoidance.
The uncertainty in the estimated timing of animals passing the device suggests that detailed dive depth information collected in this study cannot be used to determine the precise depth at which animals passed the turbine on each transit, although a measure of overall depth distribution in the vicinity of the turbine does provide some information to estimate collision risks.
There was also considerable uncertainty in transit locations, given the limitation of the straight line interpolation between surface locations. There was variability between years in the nature of the transit track segments; segments were shorter in 2010 than in previous deployments, although this was a result of the GPS tags obtaining locations every 10 min compared to every 20 min previously. Although the magnitude of error in the triplet analysis increased with increasing triplet length, there was no bias in the direction of the error. This suggests that there was no inter-annual sampling bias in the track data.
There is always the possibility that seals went closer, or conversely further away from the turbine position while underwater, given our ability to determine the seals' true path between subsequent locations.
However, the direction of this error should be similar between years.
Furthermore, the magnitude of the location error estimated by the triplet analysis indicates that expected locational error from linear extrapolation would be <160 m, considerably less than the difference in peak transit location, providing confidence that this difference was representative of avoidance.
Telemetry is a particularly useful tool for collecting information about where a sample of seals go, where and when they haul out and how they behave while they are at sea. However, the high levels of individual variation in this study (and the limited sample size) reduced our ability to make population level inferences about responses to SeaGen. The intermittent operation of SeaGen in 2010 provided an opportunity to explore the effects of turbine operation on individual seal behaviour. The ability to measure the difference in behaviour of the same individuals between when the turbine was operating and when it was not operating allows for comparisons that were not possible when comparing between years.
Simply comparing all the data across years showed no detectable change in the frequency of transit past the turbine site, nor could any statistical change in transit locations be detected. However, when the comparison was done within individuals (where there is more statistical power to detect differences), it became clear that the individual seals were reducing their frequency of transit when the turbine was operating by between 10 and 50%, with an overall average reduction of 20%. This effect was stronger in daylight, although the reasons for this are unclear. This could be because when surfacing, animals could see the surface-piercing pile during daylight, and were responding to the visual cue which would be less obvious at night. Estimating error in the location of transit points in relation to the total distance of the track segment. Each point represents the distance between the position of the second of a triplet of GPS locations and the location at that time estimated if the animals were assumed to travel at constant speeds between the first and third points). The points are colour coded according to the angle the track turned at the middle point (0 < = black, <300 = red, < 60 = green, < 90 = blue, < 120 = light blue, <150 = pink). The black points have been plotted over the others to show the range of uncertainty associated with them There remains the possibility that the observed reduction in transit rates was in response to the noise emitted by the sonar device used for mitigation purposes, since the sonar was switched on whenever the turbine was operational. The sonar employed (Tritech SuperSeaKing) is a 300 kHz mechanical scanning sonar with a source level of 210 dB re 1 μPa at 1 m. The peak frequency of 300 kHz is above the top of the hearing range of harbour seals, however, it is possible that the sonar unit also produces lower frequency components, but There are a number of implications of this work for future assessments of potential impact and future monitoring of marine renewable energy projects. This study confirmed that seals are not completely deterred from transiting past operational tidal turbines, although a degree of local avoidance was evident from changes in transit rates (particularly during the day) and changes in transit locations varying temporally (i.e. seals transit less often when turbine operating, particularly during the day) In addition, seals across all years transited relatively more at slack tide. These patterns will all serve to reduce the probability of collision between seals and operating tidal turbines.
However, an additional aspect of seal behaviour that was not examined in this study was swim direction relative to current direction. Animals swimming with the current are likely to move faster past the turbine than animals swimming against the current and are thus less likely to be struck.
The degree of avoidance displayed by the tagged seals in 2010 suggests that collision risk may be much lower than would be predicted under current encounter models, which assume a uniform density of animals across a local area and do not incorporate any degree of avoidance response (Wilson et al., 2007) .
Given that this was a study of only a single turbine, there may be a limit to the inference which can be drawn to other, more open tidal energy sites, or to larger arrays. Strangford is an unusual location in that seals have to pass within 500 m of the turbine to enter or leave the Lough so there is a natural limit to the degree that seals can avoid the turbine before a complete barrier effect would occur. Nonetheless, if the degree of avoidance observed here (~200-300 m) was observed around turbines arranged in larger arrays with this magnitude of spacing, this could result in avoidance of the whole array area and potentially barriers to movement. This behaviour would decrease the collision risk posed by the array, but may have implications for foraging success or result in increased energetic costs to divert around arrays.
This study has shown both the strength and the limitations of studying individuals with telemetry systems, especially since there is large variability in individual behaviour, exacerbated by the fact that different animals were tagged in the three deployments. In addition, without concurrent sampling of other extrinsic factors such as prey distribution, it may be difficult to attribute observed changes to specific developments as opposed to natural environmental variability.
We recommend that the degree of inter-individual variability in behaviour in movement patterns should be assessed in a baseline deployment to consider the sample size that would be required to detect change in specific metrics. Repeat tagging studies will be most useful where inter-individual variation is low or responses particularly strong (i.e. complete avoidance of a development area) but the ability to detect more subtle changes in behaviour may be limited. An understanding of other factors that may be driving changes in behaviour over time will also be required. Other metrics must be monitored to reduce uncertainty about questions of direct collision risk and wider population consequences of behavioural changes. Thus individual behaviour studies such as these must complement other measurements made at other scales, for example monthly regular haulout counts, and/or annual pup production estimates will provide information about the status of the population that can be important for interpreting the consequences of small-scale behavioural responses.
For example, ongoing long-term annual census and breeding surveys of the Strangford seal population and monthly haulout counts were important in establishing that these short range behavioural changes did not translate to changes in the local abundance and distribution of harbour seals (Savidge et al., 2014) .
The key opportunity in this study was the intermittent operation of the turbine. It is therefore recommended that other individual-based monitoring studies of the effects of marine and renewable energy projects on behaviour consider wherever possible, some duty cycling or intermittency in effect, as before-after comparisons often suffer from low power. If turbine operation can be manipulated to provide an 'experimental design' allowing a contrast of operation vs nonoperation, this can provide a good opportunity to understand seal responses. This is similar to the outcome of the telemetry study described in Russell et al. (2016) where comparisons in seal usage of an area between piling and non-piling periods provided a more powerful indication of the response of seals to offshore wind farm construction than a comparison of telemetry data collected pre-construction.
However, given operational and commercial objectives it is unlikely that this would be a priority for any commercial developer but it is possible that the initial commissioning stages of projects may provide this contrast naturally.
